r The effects of noradrenaline on excitatory synaptic transmission to regular spiking (excitatory) cells as well as regular spiking non-pyramidal and fast spiking (both inhibitory) cells in cortical layer 4 were studied in thalamocortical slice preparations, focusing on vertical input from thalamus and layer 2/3 in the mouse barrel cortex.
Introduction
Noradrenergic fibres from the locus coeruleus, located in the pons, project widely in the central nervous system (Ungerstedt, 1971; Amaral & Sinnamon, 1977) and play important roles as neuromodulators in several processes, classically including arousal, attention and the sleep-wake cycle, and play a more complex and specific role in the regulation of behaviour (Berridge & Waterhouse, 2003; Aston-Jones & Cohen, 2005) throughout animals' lives ) from neonates (Kimura & Nakamura, 1985 . Regarding the role of noradrenaline (NA) in the primary sensory cortex, several studies indicated that NA works as a gate, or it enables unresponsive neurons to become responsive to sensory inputs (Foote et al. 1975; Waterhouse & Woodward, 1980; Berridge & Waterhouse, 2003; Devilbiss & Waterhouse, 2004) . To account for such a gating mechanism at the cellular or circuit level, numerous in vitro studies have been performed in various brain regions. These studies revealed that the actions of NA are quite complicated in that they differ depending on factors such as age, area of the brain, cortical layer, type of cell and concentration of NA. This situation is further complicated by the diversity of receptor subtypes. NA receptors have been classified into three different groups: α 1 (α 1A , α 1B , α 1D ), α 2 (α 2A , α 2B , α 2C ) and β (β 1 , β 2 , β 3 ) receptors (Hein, 2006) . α 1 -and α 2 -receptors are located in the superficial layers in the cortex, whereas β receptors are broadly distributed across all layers (Berridge & Waterhouse, 2003) . α 2A -receptors are reported to exist widely in the brain (Aoki et al. 1994) , including sensory cortex (Venkatesan et al. 1996) . In particular, there are more α 2A -receptors located in L4 than in the other layers (Talley et al. 1996) . Additionally, intracellular localisation also varies with different receptor subtypes and some are still quite controversial: α 1 -and β-receptors are thought to exist primarily at postsynaptic sites, whereas a number of studies indicated that α 2 -receptors are localised at presynaptic sites in various brain regions (Kamisaki et al. 1992 (Kamisaki et al. , 1993 Trombley & Shepherd, 1992; Bertolino et al. 1997; Leao & Von Gersdorff, 2002; Pan et al. 2002; Kawasaki et al. 2003; Delaney et al. 2007; Chiu et al. 2011; Jimenez-Rivera et al. 2012; Li et al. 2013) . However, there are some studies showing that α 2 -receptors exist at postsynaptic sites: one in the hippocampal CA1 region, with NA administration suppressing the input from the perforant path (Otmakhova et al. 2005) , and another in the prefrontal cortex, where NA inhibits hyperpolarisation-activated cyclic nucleotide (HCN) channel activity (Zhang et al. 2013) . On the other hand, one study indicated that the inhibition of HCN channels due to an activation of presynaptic α 2 -receptors causes reduction of transmitter release in hippocampus (Li et al. 2013) . Also, reduction of transmitter release could be mediated by presynaptic α 1 -receptors in mossy fibre-CA3 synapses (Scanziani et al. 1993 ) and the prefrontal cortex (Law-Tho et al. 1993; Wang et al. 2013) , or β 1 -receptors in the prefrontal cortex (Luo et al. 2014a) . However, other studies reported that an activation of presynaptic α 1 -receptors rather causes an increase of glutamate release in the medial prefrontal cortex (Luo et al. 2014b (Luo et al. , 2015 . Concerning the physiological function of α 2A -subtype of α 2 -adrenergic receptors (α 2A -ARs), only a few studies indicated that the activation of α 2A -ARs causes suppression of the transmitter release from presynaptic sites in sympathetic preganglionic neurons (Miyazaki et al. 1998) , hippocampal autaptic culture (Boehm, 1999 ) and a synaptosome preparation from spinal cord neurones (Li & Eisenach, 2001 ). However, identification of the subtype of α 2A -AR was performed only pharmacologically using partial agonists and antagonists, and thus involvement of α 2D -ARs in addition to or instead of α 2A -ARs is not completely ruled out in these studies. Regarding cortical L4, there are no studies on the synaptic localisation, either presynaptic or postsynaptic, of α 2A -receptors or on the effect of their activation on synaptic transmission. The lack of highly selective agonists or antagonists for this receptor subtype has made such important studies very difficult.
The purpose of the present study is to examine the role of NA in the vertical input to three identified cell types in the L4 barrel cortex. In this study, we used thalamocortical slices from GAD67-GFP mice, in which GABAergic neurons expressed green fluorescent protein (GFP) for easier identification (Tamamaki et al. 2003) . Further cell type identification was performed by detecting typical firing patterns. NA actions were then tested through excitatory postsynaptic responses evoked by stimulation of the ventrobasal thalamus or L2/3. For receptor subtype identification, we first used a pharmacological approach and then a genetic approach, using α 2A -knockout mice. Our results indicate that NA suppresses both vertical inputs to the three different types of L4 cells by reducing transmitter release through presynaptic α 2A -receptors.
Methods

Ethical approval
All procedures complied with the policies and regulations of The Journal of Physiology (Grundy, 2015) and the rules of the Animal Care Committee of Osaka University Graduate School of Medicine. The investigators understand the ethical principles under which The Journal operates and our work complies with its animal ethics checklist.
promoter for glutamic acid decarboxylase 67 (GAD67), as described previously (Tamamaki et al. 2003) , which was obtained from Dr Yuchio Yanagawa at Gunma University. We crossed these transgenic mice with wild-type C57BL/6 mice and used the resultant heterozygous transgenic mice, which for simplicity are herein referred to as GAD67-GFP mice.
To examine its role of the α 2A -AR, we used a mouse strain lacking it (MacMillan et al. 1996) obtained from The Jackson Laboratory (Bar Harbor, ME, USA; JAX no. 004367, B6.129-Adra2a tm1Bkk /J). Heterozygous transgenic mice were crossed to produce homozygous transgenic mice (α 2A -AR −/− ), which were used in the current study. The wild-type mice of the same litter were used as controls for this experiment. The experiment using α 2A -AR −/− mice was performed under double-blind conditions, where there was no knowledge of genotype. The genotype was analysed by one of the authors (F.K.), who was blind to the results of the phenotype analysis. Mice were genotyped using PCR with α 2A -primers (5 -GGTGACACTGACGCTGGTTT, 5 -AAGGAGATGA CAGCCGAGAT, 5 -CGAGATCCACTAGTTCTAGC), following the method used by the lab that originally developed the mutant mice (Hein et al. 1999) .
Electrophysiology
A total of 85 mice were used in the present study. The animals were housed with ad libitum access to food and water in a room air-conditioned at 22-23°C with a standard 12 h light-dark cycle. Mice, aged 10-24 postnatal days (GAD67-GFP: P10-24, α 2A -AR −/− : P18-23), were deeply anaesthetised with isoflurane. The depth of anaesthesia was determined by the lack of sensory response to strong tail pinch. Their brains were rapidly removed and transferred to ice-cold slicing artificial cerebrospinal fluid (ACSF) consisting of the following (mM): sucrose 240, KCl 5, NaHCO 3 26, glucose 10, MgCl 2 1. Thalamocortical slices (350 μm thick) were obtained using a rotor slicer, as described previously (Itami et al. 2001) , which was modified from the original cutting method using a vibrating blade microtome (Agmon & Connors, 1991) . Briefly, whole brain was put on a ramp tilted 10 deg head down, then the whole brain was cut at an angle of 55 deg to the right of the sagittal midline (for details see Itami et al. 2001) . Thereafter, sections were immediately transferred into a holding chamber containing ACSF (mM): NaCl 124, KCl 3, KH 2 PO 4 1.2, MgSO 4 1.3, NaHCO 3 26, CaCl 2 2, glucose 10, bubbled with 95% O 2 and 5% CO 2 . The slices were preincubated for at least 1 h at room temperature until they were transferred to a recording chamber, placed on the stage of an upright microscope (BX51WI, Olympus).
Excitatory postsynaptic potentials or currents (EPSPs or EPSCs) were recorded in either current-or voltage-clamp mode (holding potential, −70 mV), respectively, with whole-cell patch pipettes (8-12 M ) pulled from borosilicate thick-wall glass tubing (BF150-86-10HP, Sutter Instrument Co., Novato, CA, USA) using a glass micropipette puller (Sutter Instrument Co., P-1000). The internal solution contained (mM): potassium methanesulfonate 130, KCl 10, Hepes 10, K-EGTA 0.5, MgATP 5, NaGTP 1, spermine 0.1 and phosphocreatinine 10 (pH 7.3, 285-290 mosmol l −1 ). Recordings were obtained from L4 neurons that were visually identified using infrared differential interference contrast optics. GFP-positive cells were easily identified with a fluorescence device attached to the microscope. Responses were recorded using an Axoclamp 2B amplifier or Multiclamp 700A (Molecular Devices, Sunnyvale, CA, USA), low-pass filtered at 5 kHz, digitally sampled at 10 kHz, and monitored with pCLAMP software (Molecular Devices) running on a Windows computer. Upon inserting the electrode into the bath, the stray pipette capacitance was compensated, as was the bridge balance, through a built-in circuit of the amplifier. The bridge balance was checked repeatedly and readjusted when necessary. A concentric bipolar stimulating electrode (FHC Inc., Bowdoin, ME, USA) was placed in the ventrobasal nucleus (VB) of the thalamus or in thalamocortical fibres projecting from the VB to the barrel cortex. Another stimulating electrode was placed in L2/3, immediately above recorded cells in L4. We tried to limit the stimulus strength, so as to record monosynaptic excitatory responses judged from short and constant latency (typically <4 ms) (Salami et al. 2003; Kimura et al. 2010) . Electrical stimulation was applied alternately to VB and L2/3 with 6 s intervals. Paired pulses (100 ms intervals) were routinely applied to each stimulating electrode to assess the paired pulse ratio (PPR). After the whole-cell recordings were established, the spike frequency adaptation ratio (SR) was examined for identification of the cell types (Itami et al. 2007) . The SR was defined as the first interspike interval divided by the average of the last three interspike intervals during spike trains caused by a depolarising current pulse of 500 ms (−100 to ß500 pA, 30 steps). GFP-positive cells with high SR (>0.7), spike half-width <0.6 ms and a large monophasic after hyperpolarisation were classified as fast spiking cells, while others were classified as regular spiking, non-pyramidal (RSNP) cells (Itami et al. 2007) (Fig. 1B) .
Iontophoresis of glutamate
In some experiments, glutamate was applied iontophoretically, and the glutamate-induced current was recorded in voltage-clamp mode. High resistance (ß50 M ) glass micropipettes were pulled from the same glass tubing as used for whole-cell recordings. The glass micropipettes were filled with glutamate (40 mM, pH 8-9); J Physiol 595.22 their tips were positioned on or physically touched the soma of recorded neurons. For iontophoretic application, negative current pulses of 20-30 ms in duration at an intensity of 10-20 nA were applied through a current generator, SEZ-1100 (Nihon Kohden, Tokyo, Japan), which was triggered by a computer via a stimulator. Otherwise, a retaining current (<2 nA) was applied continuously to prevent leakage of glutamate. Glutamate was obtained from Nakalai Tesque (Kyoto, Japan).
Drug administration
In all experiments, the GABA A receptor antagonist, bicuculline methiodide (2 μM) was included in the ACSF to prevent inhibitory postsynaptic currents/potentials (IPSC/Ps). The following drugs were administered through the bath: NA (10 −8 ß2 × 10 −4 M), phenylephrine hydrochloride (Phen, 10 −4 M), yohimbine hydrochloride (Yohim, 5 × 10 −5 M), prazosin hydrochloride (10
propranolol hydrochloride (Prop, 10 −5 M), kynurenate (Kyn, 10 −3 M). All these drugs were obtained from Sigma-Aldrich (St Louis, MO, USA).
Data analysis
To obtain evidence concerning the pre-versus postsynaptic localisation of the site of action, the effect of NA on the mean and variance of the amplitude of EPSCs was analysed. In the standard quantal model for synaptic transmission, the calculated value of CV −2 (where the coefficient of variation (CV) is the SD/mean) of the response is affected by presynaptic changes in either the number of release sites (n) or the probability of release (p), but not by changes in the postsynaptic response to a single vesicle (q). This can be visualised by plotting the ratio of experimental to control CV −2 against the ratio of experimental to control response amplitude (response ratio), where CV −2 = np/(1 − p) (Bekkers & Stevens, 1990; Malinow & Tsien, 1990; Manabe et al. 1993) . A change in the ratio of CV −2 with changes in the response ratio indicates a presynaptic action, although it does not distinguish changes in n from changes in p. If the suppression is produced only by a decrease in postsynaptic responsiveness, the resulting plot is horizontal, reflecting the independence of CV −2 from q. Previous studies have demonstrated that this method is useful in identifying the site of action of neuromodulators (Kimura & Baughman, 1997) . Thus, we calculated CV −2 of EPSC/Ps and plotted the resultant data as demonstrated previously.
Statistics
All results were presented as the mean ± standard error of the mean (SEM). Statistical analyses were performed using either Student's paired t test or Wilcoxon's signed-rank test. P-values below 0.05 were considered statistically significant.
Results
Recordings of excitatory postsynaptic current were obtained from layer 4 (L4) neurons in the barrel cortex of GAD67-GFP mice in response to the stimulation of either VB or L2/3 immediately above the recorded L4 cells. The identity of cell types, such as regular spiking (RS), RSNP and fast spiking (FS) was judged by a combination of GFP fluorescence and firing pattern analysis following current injections, as described in Methods.
Suppressive effect of NA
When NA was administered through the bath, at a concentration of 2 × 10 −4 M, the amplitude of the EPSCs (holding potential, −70 mV) generated in response to both VB and L2/3 stimulation (VB-evoked and L2/3-evoked EPSCs) was suppressed in all cell types (RS, RSNP, FS). Examples of suppression are shown in Fig. 2 . In the presence of NA (2 × 10 −4 M), the amplitude of VB-evoked EPSCs was 68.2 ± 2.6% of control (P < 0.01, n = 11) and that of L2/3-evoked EPSCs was 58.1 ± 10.4% (P = 0.01, n = 6) in RS cells ( Fig. 2A) . In the GABAergic neurons, similarly, EPSC amplitudes in both RSNP and FS cells were suppressed in the presence of NA compared to controls (VB-evoked (RSNP): 72.6 ± 5.2%, P < 0.01, n = 11; L2/3-evoked (RSNP): 58.1 ± 6.4%, P < 0.01, n = 7; VB-evoked (FS): 70.3 ± 3.8%, P < 0.01, n = 11; L2/3-evoked (FS): 40.7 ± 14.4%, P < 0.01, n = 6). The data for RSNP and FS cells are shown in Fig. 2B and C, respectively. Additional administration of NA down to 10 −8 M revealed that its effect on VB-evoked EPSCs was dose dependent in both RS and RSNP cells (Fig. 3) . The EC 50 of NA-mediated suppression of EPSPs in RS neurons in response to VB stimulation was ß7.7 × 10 −7 M, and that for RSNP neurons was ß6.1 × 10 −6 M (Fig. 3B ).
Possible presynaptic site of NA action
Previous studies have indicated that NA suppresses excitatory synaptic transmission through either presynaptic or postsynaptic mechanisms. To obtain evidence concerning the presynaptic versus postsynaptic locus of the site of action, we performed three independent experiments. First, we tested whether NA suppresses glutamateinduced currents or not. For this purpose, glutamate was iontophoretically applied from glutamate-containing (40 mM, pH 8-9) glass micropipettes to L4 cells and the glutamate-induced current was recorded in voltage-clamp mode. For comparison, VB stimulation was applied routinely at 1-2 s after glutamate iontophoresis. As shown in Fig. 4 , NA (10 −5 M) application barely suppressed glutamate-induced current (Fig. 4A and C) , while NA successfully suppressed VB-evoked EPSCs that were elicited 2 s later in the same cells ( Fig. 4B and D) . Both glutamate-induced and VB-evoked current was completely extinguished by subsequent application of kynurenate (10 −3 M) ( Fig. 4A-D) , which is a non-specific antagonist of both NMDA and non-NMDA types of glutamate receptors. Similar results were obtained from a total of 11 cells (2 FS cells and 9 RS cells), and glutamate-induced current was 103.5 ± 2.6% of control response (n = 11) in the presence of NA 10 −5 M (Fig. 4E ). This result directly indicates a presynaptic localisation of the site of action of NA.
Another common method to obtain an indication concerning the presynaptic or postsynaptic mediation associated with a change of synaptic strength is to observe the paired pulse ratio (PPR). Although the mechanism is not yet fully understood, a change in release probability is associated with a change in PPR; a PPR increase usually indicates a reduction in release probability (Zucker, 1989;  Averaged EPSCs (four trials) at the time indicated in the plot are shown above. B, dose-response curves of NA suppression of VB-evoked EPSC from RS (top) and RSNP (bottom) neurons. EPSC amplitudes during NA administration were normalised by those of EPSC amplitude (mean ± SEM) before NA administration. Curve fit to a logistic equation by non-linear regression. Manabe et al. 1993) . Thus, we applied paired pulses (interval: 100 ms) to each stimulation site, and observed how PPR changed during NA administration. The results indicate that PPR was increased in EPSCs evoked by both VB and L2/3 stimulation, regardless of cell type. In RS cells, PPR increased by about 20% in both VB and L2/3 stimulation (VB: 122.9 ± 8.9%, n = 10, P < 0.05; L2/3: 125.1 ± 7.9%, n = 6, P < 0.03) (Fig. 5A) . Similar results were obtained in GABAergic (RSNP and FS) neurons. PPR increased by about 20% in RSNP cells (VB: 123.5 ± 5.2%, n = 11, P < 0.01; L2/3: 120.9 ± 11.1%, n = 7, P < 0.03) and in FS cells (VB: 115.5 ± 5.6%, n = 9, P < 0.03; L2/3: 118.6 ± 6.0%, n = 5, P < 0.05) (Fig. 5B and C) . These results indicate that NA suppresses EPSCs through a presynaptic mechanism, most probably by reducing the release probability of synaptic transmission.
Finally, we analysed the calculated value of CV −2 (where the coefficient of variation (CV) = SD/mean) of the EPSCs before and during NA administration (for details, see Methods). A change in the ratio of CV −2 together with changes in the response ratio (a diagonal plot in the graph) indicates presynaptic action, while only small or no changes in CV −2 during response suppression (a horizontal plot in the graph) indicates postsynaptic action. The observed decrease in CV −2 seemed to be approximately proportional to the suppression of response by NA in each cell type with both VB and L2/3 stimulation (Fig. 6A) . We pooled the data from the three cell types and both stimulation sites, and found that the resultant plot fit a linear regression line (indicated by a red line in Fig. 6B ) corresponding to the following equation:
This regression line is almost aligned with the diagonal line shown in green in Fig. 6B . This result is consistent with a presynaptic locus for the site of action of NA, provided the assumption of a standard quantal model is valid. . Glutamate-induced current was not suppressed by NA administration, indicating NA suppression is presynaptic A, amplitudes of glutamate-induced current were plotted against time. Administration of NA (10 −5 M) barely suppressed glutamate-induced current (b1). At the end of the experiment, kynurenate, a non-selective glutamate receptor antagonist, was applied (1 mM), which successfully suppressed the glutamate-induced current (d1), confirming that iontophoretically induced current was generated by direct activation of glutamate receptor. The clear difference between the effects of NA and kynurenate on glutamate-induced current indicates that the site of action of NA is not postsynaptic. B, amplitudes of EPSCs evoked by VB stimulation applied 1500 ms after iontophoresis of glutamate (A). NA (10 −5 M) suppressed VB-evoked EPSCs (b2). Kynurenate (1 mM) also effectively eliminated VB-evoked EPSCs (d2), as expected. C, trace examples of glutamate-induced current at the time indicated in A. D, VB-evoked EPSCs at the time indicated in B. E, quantification of glutamate-induced current in the presence of NA (10 −5 M). It became 103.5 ± 2.6% of control (n = 11, P > 0.1).
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Thus, all three independent experiments indicated that NA suppression is mediated by a presynaptic mechanism, most likely reducing the release probability. Previous studies have shown that NA suppresses excitatory synaptic transmission through presynaptic α 1 -adrenoceptors (α 1 -ARs) in the neocortex (Law- Tho et al. 1993; Wang et al. 2013 ) and the hippocampus (Scanziani et al. 1993) and β 1 -adrenoceptors (β 1 -ARs) in the prefrontal cortex (Luo et al. 2014a ), but a majority of studies indicated an involvement of α 2 -adrenoceptors (α 2 -ARs) in various regions of the brain including the neocortex (Kamisaki et al. 1992 (Kamisaki et al. , 1993 Trombley & Shepherd, 1992; Bertolino et al. 1997; Leao & Von Gersdorff, 2002; Pan et al. 2002; Kawasaki et al. 2003; Delaney et al. 2007; Chiu et al. 2011; Jimenez-Rivera et al. 2012; Li et al. 2013 ). We first tested the possible involvement of α 1 -ARs in the observed suppression by NA. For this purpose, we determined whether the α 1 -AR agonist phenylephrine mimicked the suppression of EPSCs. However, administration of phenylephrine (10 −4 M) to the bath failed to suppress EPSCs in RS cells evoked not only by VB (99.3 ± 2.5% of control, n = 12, P = 0.78), but also by L2/3 stimulation (99.1 ± 4.2% of control, n = 8, P = 0.84) (Fig. 7A and B) . Subsequent NA application (10 −5 M) successfully suppressed evoked EPSCs (Fig. 7A) . This result suggests that the α 1 -AR is not involved in the suppression of EPSCs by NA. Further support that NA suppression was not mediated by α 1 -ARs was obtained from experiments with a specific α 1 -AR antagonist, prazosin, because prazosin at 10 −5 M failed to block the suppressive effect of simultaneously applied NA (10 −5 M) in both VB-and L2/3-evoked EPSCs (VB-EPSC:74.5 ± 3.4% of control, n = 6, P < 0.01; L2/3-evoked EPSC: 69.5 ± 10.3% of control, n = 4, P < 0.05, Fig. 7C and D) .
Next, we tested the possibility of the involvement of α 2 -ARs in NA suppression. Thus, we examined whether yohimbine, an α 2 -AR antagonist, could block the NA suppression or not. We found that yohimbine (5 × 10
successfully blocked the suppression of simultaneously applied NA (10 −5 M) in both VB-and L2/3-evoked EPSCs (VB-EPSCs: 99.2 ± 2.7% of control, n = 10, P = 0.78; L2/3-evoked EPSCs: 102.1 ± 4.4% of control, n = 7, P = 0.65; Fig. 7E and F) . Finally, we confirmed that β-ARs were not involved in the NA suppression of EPSCs, because propranolol, a broad antagonist against β 1 and β 2 -ARs, at 10 −5 M, failed to block NA suppression (10 −5 M), as shown in Fig. 7E and F (VB-EPSCs: 69.2 ± 4.5% of control, n = 9, P < 0.01; L2/3-EPSCs: 68.7 ± 7.2% of control, n = 3, P < 0.05). All of these pharmacological experiments were consistent with the idea that NA suppression on the excitatory inputs to L4 cells is mediated by α 2 -ARs.
Currently, three distinct α 2 -ARs have been identified, namely, α 2A -, α 2B -and α 2C -ARs. Of these, morphological studies revealed that α 2A -ARs are found in sensory cortex (Venkatesan et al. 1996) , and localised at L4 in the cerebral cortex (Talley et al. 1996) . In addition, the activation of α 2 -ARs is reported to reduce transmitter release in in vitro preparations obtained from various regions of the brain (Miyazaki et al. 1998; Boehm, 1999; Li & Eisenach, 2001; Delaney et al. 2007 ). Thus, we attempted to focus on testing the involvement of α 2A -ARs in NA suppression on L4 cells. However, a difficulty for such experiments is that there are no highly selective agonists or antagonists for this receptor subtype, which is a requirement for pharmacological identification. For this reason, we used knockout animals that lacked genes for α 2A -AR. Figure 8 illustrates the results from experiments using α 2A -AR −/− mice. As shown in the plot, NA administration (2 × 10 −4 M) failed to suppress EPSCs in RS (Fig. 8A ) and FS (Fig. 8B) cells. Results are summarised in Fig. 8C . In the presence of NA, EPSCs were 98.8 ± 12.7% of control (n = 4, P = 0.93) in VB-evoked responses, and 100.7 ± 8.8% (n = 11, P = 0.94) in L2/3-evoked responses in RS cells of α 2A -AR −/− mice. Similarly, in FS cells, EPSCs were 92.2 ± 5.2% (n = 4, P = 0.23) in VB-evoked responses and 110.2 ± 6.8% (n = 4, P = 0.23) in L2/3-evoked responses in α 2A -AR −/− animals. In RSNP cells, again, EPSCs were 98.3 ± 9.1% (n = 6, P = 0.67) of control in L2/3-evoked responses. Although we could record EPSCs from only one RSNP cell in knockouts by VB stimulation, EPSC remained at 99.5% of control in NA (10 −4 M). These results demonstrate that NA suppression was mediated by α 2A -ARs in excitatory inputs from both VB and L2/3 in L4 cells.
Discussion
In this study, we showed that NA suppresses excitatory synaptic transmissions from VB and L2/3 in excitatory (RS) and inhibitory (RSNP and FS) neurons of L4. This suppression was induced by the activation of α 2A -ARs on presynaptic terminals, which decreased the release of transmitters. The maximum amount of suppression that we observe was ß40-50%. We believe that such an amount of suppression is likely to be physiological, considering that electrical stimulation with physiologically reasonable frequency (20 Hz) of locus coeruleus neurons causes about 30-50% suppression of visual responses in the majority (ß60%) of cells in layer 4 (Sato et al. 1989) . Our observation of NA suppression on EPSCs may directly underlie such reduction of sensory responses observed in vivo in the sensory cortices. 
Possible involvement of unintended activation of passing fibres
Noradrenergic fibres from locus coeruleus are widely distributed throughout the cortex (Ungerstedt, 1971; Amaral & Sinnamon, 1977) . In this experiment, we stimulated thalamus and L2/3 and recorded from L4 neurons. So, technically L2/3 stimulation may activate noradrenergic fibres in the cortex, too. However, we believe that the influence of such an unintended activation of noradrenergic fibres would be little, if any, because the effects of NA application on EPSCs evoked by the stimulation of L2/3 as well as VB were similar in a number of cases (Figs 2 and 7) , including PPR (Fig. 5 ). This would suggest that L2/3 stimulation did not cause an excessive amount of NA release by accidental activation of NA fibres.
There is also a possibility that L2/3 stimulation activated L4 axons antidromically, thereby activating L4 to L4 excitatory connections (Lubke et al. 2000; Feldmeyer et al. 2002; Sarid et al. 2007; Helmstaedter et al. 2008) . Thus, the present study may include the results of NA effects on L4 to L4 connections.
Site of action and receptor subtypes
Our results demonstrate a substantial noradrenergic suppression of excitatory synaptic transmission in cortical neurons. This is consistent with a number of previous studies on other parts of the brain, for example, the medial prefrontal (Luo et al. 2014b ), prefrontal (Law-Tho et al. 1993 Liu et al. 2006; Wang et al. 2013) , visual (Kobayashi, 2007) and auditory cortices (Dinh et al. 2009 ) and, further, the cerebellum (Carey & Regehr, 2009; Lippiello et al. 2015) , spinal cord (Kamisaki et al. 1993; Pan et al. 2002; Kawasaki et al. 2003) , ventral tegmental area (Jimenez-Rivera et al. 2012) , olfactory bulb (Trombley & Shepherd, 1992) , calyx of Held in the brain stem (Leao & Von Gersdorff, 2002) , and sympathetic nerve terminals (Hein et al. 1999) . However, regarding the site of action and receptor subtypes, the present results are not necessarily consistent with previous findings.
Our conclusion that NA acts on presynaptic sites comes from three independent studies: the lack of NA suppression on glutamate-induced current, the increase of PPR and the CV −2 analysis. Presynaptic action of NA on the synaptic response was also concluded from insensitivity to glutamate-induced responses with α 2 pharmacology, similar to our result, in the olfactory bulb (Trombley & Shepherd, 1992) , but inconsistently via α 1 -receptors in the hippocampus (Scanziani et al. 1993) . One study showed that NA suppressed glutamate-induced current via β 1 -receptors in prefrontal cortex (Luo et al. 2014a) . The increase in PPR by activation of the presynaptic α 2 -receptor was reported in other parts of the brain; in the ventral tegmental area (Jimenez-Rivera et al. 2012) , at the synapse between the nucleus tracts solitarii and the vagus in the brain stem (Bertolino et al. 1997) , and at the Schaffer collateral-CA1 synapse in the hippocampus (Li et al. 2013) . On the other hand, Dinh et al. (2009) and Liu et al. (2006) demonstrated that NA suppression occurs without a change in PPR in the auditory and prefrontal cortex (Liu et al. 2006; Dinh et al. 2009 ). However, these studies claim that the (postsynaptic) α 1 -AR is involved in NA suppression of synaptic responses. Presynaptic α 2 -receptor involvement with the reduction of transmitter release was confirmed by other physiological techniques such as a reduction of the frequency of miniature PSPs (Pan et al. 2002; Kawasaki et al. 2003; Jimenez-Rivera et al. 2012) , or reduction of Ca 2+ influx (Leao & Von Gersdorff, 2002) . Thus, depending on the specific region of the brain, the combination of receptor subtypes and site of action varies, and our results support the hypothesis that the vertical excitatory transmission to layer 4 neurones in the barrel cortex is suppressed by NA through presynaptic reduction of transmitter release via α 2A -receptors. Previous pharmacological studies suggested that the α 2A -subtype of α 2 -receptor (α 2A -AR) is involved in the presynaptic suppression of transmitter release (Miyazaki et al. 1998; Boehm, 1999; Li & Eisenach, 2001; Chiu et al. 2011) . However, there are no highly selective agonists and antagonists to the three known subtypes of α 2 -receptors. Thus, to be strict, a slight possibility remained that other subtypes than the α 2A -AR might be involved in these experiments. To completely rule out this possibility, we used knockout mice for α 2A -AR. The results were very clear and thus we believe that there is no doubt that the α 2A -AR was involved in the observed suppression by NA. In addition, this receptor subtype has been reported to express in the cerebral cortex (Aoki et al. 1994) , and localise at presynaptic sites (Venkatesan et al. 1996) . Localisation of α 2A -AR at L4 of the cerebral cortex was supported by a previous morphological study (Talley et al. 1996) . Physiologically, Hein et al. clearly demonstrated that α 2A -AR activation reduces transmitter release from sympathetic nerves using α 2A -AR knockout animals (Hein et al. 1999) . Considering these reports, together with what we discussed in the previous section, we believe that our conclusion that the reduction of transmitter release via presynaptic α 2A -ARs underlies NA-induced suppression of the synaptic response can be considered reasonable and consistent. Nonetheless, there are also reports of NA-induced suppression of synaptic response through postsynaptic α 1 -ARs. It is plausible that both presynaptic and postsynaptic mechanisms may be in use depending on, among other things, the area of the brain, cortical layer, cell type and pathway.
Possible input specificity for the action of NA and hypothetical role of NA in the regulation of information flow
We previously postulated that the action of acetylcholine (ACh) is input specific in the cerebral cortex (Kimura, 2000) . This is based on the finding that ACh suppresses almost all intracortical connections, including excitatory and inhibitory ones, through presynaptic muscarinic receptors (Kimura & Baughman, 1997; Kimura et al. 1999) , while only thalamocortical inputs are enhanced through presynaptic nicotinic receptors (Gil et al. 1997) . Interestingly, ACh also has a direct depolarising effect on most cortical cells through soma-dendritic muscarinic receptors (McCormick & Prince, 1986; Jones & Baughman, 1992) . Thus, the presence of ACh causes a shift in the dynamics of cortical networks into a state where the thalamic afferent influence predominates over the intracortical influence (Kimura, 2000) . The present study, together with previous studies examining the effects of NA on synaptic responses, seems to indicate that NA might have a similar property. Here, we showed that thalamic inputs as well as L2/3 inputs to L4 cells are all suppressed, regardless of the postsynaptic cell type. In addition, previous studies on L5 pyramidal cells demonstrated that excitatory synaptic transmissions are, in most cases, suppressed, too (Law-Tho et al. 1993; Liu et al. 2006; Dinh et al. 2009; Wang et al. 2013) . However, there are a few studies demonstrating an enhancement by NA of excitatory transmission to L5 pyramidal cells in the medial prefrontal cortex with neighbouring stimulation (Luo et al. 2014b) , and in the somatosensory cortex with white matter stimulation (Waterhouse et al. 2000) . What is the input that is facilitated by NA in these experiments? Since there are several afferent fibres running in the white matter, for example, corticocortical, transcallosal or thalamocortical fibres, stimulation of the white matter does not necessarily activate the same afferent components every time. Similarly, the stimulation of neighbouring sites in the grey matter may easily consist of multiple kinds of afferents. Indeed, we previously demonstrated that L4 stimulation actually consists of an activation of L4 cells together with thalamic afferents, when recorded from L2/3 cells (Itami & Kimura, 2012) . Such heterogeneity could underlie the inconsistent results obtained across different studies. However, if such input was identified and revealed that a specific input from a certain area (say, area X) was enhanced by NA, this is a very similar situation to ACh, that is, the presence of NA causes a shift in the dynamics of cortical networks into a state where an afferent from area X to the L5 pyramidal cell predominates over intracortical influence. Thus, it is of great interest to identify the afferent stimulation that causes NA-induced enhancement of excitatory synaptic responses in L5 pyramidal cells. For such studies, experiments using optogenetic stimulation of identified afferents may benefit our understanding of the mechanisms involved.
